We used the framework of the uncontrolled manifold (UCM) hypothesis and explored the reliability of several outcome variables across different spaces of analysis during a very simple four-finger accurate force production task. Fourteen healthy, young adults performed the accurate force production task with each hand on 3 days. Small spatial finger perturbations were generated by the "inverse piano" device three times per trial (lifting the fingers 1 cm/0.5 s and lowering them). The data were analyzed using the following main methods: (1) computation of indices of the structure of inter-trial variance and motor equivalence in the space of finger forces and finger modes, and (2) analysis of referent coordinates and apparent stiffness values for the hand. Maximal voluntary force and the index of enslaving (unintentional finger force production) showed good to excellent reliability. Strong synergies stabilizing total force were reflected in both structure of variance and motor equivalence indices. Variance within the UCM and the index of motor equivalent motion dropped over the trial duration and showed good to excellent reliability. Variance orthogonal to the UCM and the index of non-motor equivalent motion dropped over the 3 days and showed poor to moderate reliability. Referent coordinate and apparent stiffness indices co-varied strongly and both showed good reliability. In contrast, the computed index of force stabilization showed poor reliability. The findings are interpreted within the scheme of neural control with referent coordinates involving the hierarchy of two basic commands, the r-command and c-command. The data suggest natural drifts in the finger force space, particularly within the UCM. We interpret these drifts as reflections of a trade-off between stability and optimization of action. The implications of these findings for the UCM framework and future clinical applications are explored in the discussion. Indices of the structure of variance and motor equivalence show good reliability and can be recommended for applied studies.
Introduction
Over the past years, several methods to estimate the stability of action for multi-element systems have been developed within the framework of the uncontrolled manifold (UCM) hypothesis (Scholz and Schöner 1999; reviewed in; Latash et al. 2007 ). According to the UCM hypothesis, the neural controller organizes abundant sets of elemental variables (those produced by elements, e.g., fingers) to ensure the stability of task-specific salient variables (e.g., total force).
The most commonly used method quantifies inter-trial variance within a space where a salient performance variable remains unchanged (the UCM for that variable, V UCM ) and within an orthogonal space, where the performance variable does change (V ORT ). If V UCM > V ORT , both quantified per dimension in the corresponding spaces, it is concluded that the performance variable is stabilized by the central nervous system (CNS).
This method has been applied in many studies exploring the stability of resultant variables produced by the hand, such as the resultant force and the resultant moment of force, based on co-varying contributions from the digits (reviewed in Zatsiorsky and Latash 2008) . In different studies, the analysis of inter-trial variance was performed either in the space of forces produced by individual digits or in the space of finger modes-hypothetical neural variables that can be manipulated individually by the CNS (Danion et al. 2003) . The former method potentially can produce misleading results due to the phenomenon of enslaving, defined as unintentional finger force production when another finger of the hand produces force intentionally (Ohtsuki 1981; Zatsiorsky et al. 2000; Schieber and Santello 2004) . A recent study of hand force variability and optimality compared the results of the analysis in the space of finger forces and modes and provided evidence for more robust results for the analysis in the finger mode space (Martin et al. 2013) .
Another method, also based on the UCM hypothesis, has been introduced recently that quantifies displacements within the UCM and ORT spaces during quick actions or reactions Mattos et al. 2011) . Larger displacements have been demonstrated in the less stable UCM space (motor equivalent, ME) compared to the more stable orthogonal to the UCM space (non-motor equivalent, nME) in multi-finger tasks (Mattos et al. 2015) . Both inter-trial analysis of variance and ME analyses, which is performed within a trial with further averaging across multiple trials, assume a linear UCM or a UCM that can be linearized for small inter-trial deviations of elemental variables. Still, another method has been used in cases when linearity could not be assumed. This method is based on comparing inter-trial variability indices (e.g., the standard deviation) for a salient performance variable across actual trials and across surrogate datasets created by matching elemental variables from different trials and computing performance variable values (Kudo et al. 2000; Müller and Sternad 2003) . If the standard deviation of a performance variable in the actual data set is lower than in the surrogate data set, a conclusion is drawn that there is co-variation of elemental variables in the original set that helps to bring down variability of that performance variable. Recently, this method has been applied to quantify the stability of hand force production in the space of control variables associated with referent coordinates for the agonist and antagonist muscle groups (Ambike et al. 2016; Reschechtko and Latash 2017) . Changes in these hypothetical variables translate into changes in the referent coordinate (RC, changed by the socalled r-command) for the hand and its apparent stiffness (k, changed by the so-called c-command) (Feldman 1980 (Feldman , 1986 (Feldman , 2015 . This method does not consider the action of several fingers but views the hand as a single effector controlled by two variables, RC and k.
A few recent studies compared different methods of analysis Furmanek et al. 2017) . No study, however, has explored the reliability of different outcome variables across different spaces of analysis. This is an important issue, particularly given the recent series of studies using some of these approaches in neurological patients (reviewed in Latash and Huang 2015) . We purposefully selected a very simple motor task-accurate constant fourfinger force production-to minimize the effects of learning, and quantified indices of hand force stability both within a session and across three sessions, run on three different days. Based on the limited available information, we hypothesized that analysis in the space of finger modes would produce more reliable results compared to analysis in the finger force space (cf. Martin et al. 2013) . Overall, we expected good reliability across all of the methods.
Methods

Participants
Fourteen healthy, self-reported right-handed adults (eight males and six females) 20-40 years old (29.5 ± 5.6 years; mean ± standard deviation), with an average body mass of 66.6 (± 10.1) kg and body height of 1.71 (± 0.09) m, participated in the study. All participants had neither history of neurological disease nor discomfort or injury in the upper extremities. Prior to participation in the study, all subjects gave written informed consent according to the protocol approved by the Penn State Hershey Institutional Review Board.
Apparatus
This experiment used an "inverse piano" device (Martin et al. 2011) , which allows finger forces to be recorded while fingers are raised and lowered. The device uses four force sensors (Honeywell, Model 31, 25 LBS, Columbus, OH, USA) to measure finger downward pressing forces. The sensors were mounted on linear actuators (PS01-23 × 80; Linmot, Spreitenbach, Switzerland) placed within the slots of a steel frame (140 × 90 mm), 3-cm apart from each other in the medial-lateral direction. The actuators were controlled by a four-channel servo drive (Linmot E400-AT), which allowed each sensor to be raised and lowered along its vertical axis. The sensor position could be adjusted in the anterior-posterior direction to match individual finger anatomy. The top surface of each sensor was covered with sandpaper (100-grit) to increase friction. To avoid movement of the forearm during the tasks, a Velcro strap was placed slightly above the wrist joint to fix the forearm to a board. Figure 1 shows a schematic representation of the experimental setup.
Subjects sat with their forearm in the sagittal plane, parallel to the ground, and placed each finger of the hand on the corresponding force sensor of the inverse piano device (Fig. 1a) . A 19″ monitor approximately 0.6 m from the subject's face provided visual feedback. Sensor positions were adjusted so that each finger was slightly curved when the fingertip was placed on the sensor and the hand formed a natural dome (Fig. 1b, c) . A customized LabVIEW routine (2014 version, National Instruments, Austin, TX, USA) was used to present visual feedback, control the inverse piano, and acquire the force data. The force data were sampled at 200 Hz with a 16-bit resolution (NI PCI-6225, National Instruments) using a desktop computer and stored for offline data analyses.
Procedures
Participants were tested three times, on two consecutive days (Day-1 and Day-2) and a week from the first day (Day-3); two participants were tested a week from Day-2. The first experimental session lasted approximately 50 min and the other two sessions lasted 35-40 min.
Both hands were tested in a random order. For each hand, participants performed three tasks: the maximal voluntary contraction (MVC) task, the ramp task, and the accurate constant force production task. In the MVC task, participants were asked to press with the four fingertips as hard as they could to reach maximal force within 3-4 s until a command "relax" was given by the experimenter. The total force (F TOT -the sum of the forces applied by individual fingers) was displayed on the monitor. Two MVC trials were performed with a 30-s interval in-between. The trial with the highest F TOT value was used to set the target force levels for subsequent tasks. The finger forces recorded at the moment of maximal F TOT were used to define the target force level during the other tasks.
Immediately after the MVC task, participants performed the ramp task. In this task, subjects were requested to maintain all four fingers on the sensors and produce force with a specific finger (master finger) to match a force profile shown on a computer monitor. The target force profile started with a 4-s horizontal line set at 0 N, followed by an 8-s ramp line starting at 0% and ending at 40% of the master finger's force measured in the MVC test, and finishing with a 4-s horizontal line set at the 40% level. Only the force produced by the master finger was displayed on the screen and participants were instructed to match the target line by pressing with the master finger. Subjects were instructed not to pay attention to possible force production by non-task (enslaved) fingers and they were told not to lift any of the fingers off the sensors at any time. In general, four trials (one for each master finger) were performed. On a few occasions, trials were repeated, mainly because subjects lifted one or more fingers during the ramp task execution. A single practice trial for each finger on Day-1 was sufficient for participants to perform the task properly.
During the accurate constant force production task, participants were asked to accurately produce constant force at a submaximal level by pressing naturally with all four fingers to match a red horizontal target line shown on the monitor. The target line was set at 20% of the subject's maximum F TOT during the MVC test. The actual F TOT was shown on the monitor as a black, left-to-right running line. During each trial, the fingers were perturbed three times. In each perturbation episode, the four sensors were simultaneous lifted by 1 cm over 0.5 s (2 cm/s) and immediately lowered over the same distance and time. The perturbations were applied at the 6th, 12th, and 18th s from the beginning of the trial. These perturbation episodes will be referred to as IP1, IP2, and IP3, respectively. Participants were not informed on the timing of perturbations and were asked not to try to predict them; compliance with this instruction was checked using pilot analyses (not presented in the manuscript). Participants were also asked not to react to the perturbations (i.e., not to correct the force changes caused by the finger motion), and as soon as a perturbation ended, to continue matching the target line. Two practice trials were enough for most participants to adequately perform the task and comply with the instructions. A few participants were given up to three extra practice trials on Day-1 based on their ability not to react to sensor motion.
The number of trials performed in each session depended on the participant's ability to simultaneously match the prescribed force and not react to the perturbations. Such reactions could be seen easily by the experimenter as nonmonotonic force profiles during the ascending phase of the perturbation. Thus, not less than 15 and not more than 20 trials were performed in this task by each hand for each experimental session. Each trial lasted 24 s and 15 s of rest was given between trials. After a set of five trials, a longer rest (≈ 1 min) was given to prevent fatigue. Participants also were encouraged to ask for extra rest as needed. Fatigue was never reported by any participant.
Data analysis
Customized LabVIEW (2017 version) routines were used to process and analyze the data obtained in the ramp and accurate constant force production tasks. The force signals were filtered with a fourth-order, zero-lag Butterworth low-pass filter with a cutoff frequency of 5 Hz.
For the ramp task, the enslaving matrix E and an index reflecting unintentional force production by non-task fingers (index of enslaving, I EN ) were calculated. For each trial, the first and last 1-s intervals of the 8-s ramp phase were removed to avoid possible edge effects. Linear regressions were computed between F TOT and the force produced by each individual finger. The regression coefficients (k) were used as entries in the 4 × 4 E:
Here, the first subscript shows the finger producing force, whereas the second subscript shows the task finger. The main diagonal of E (highlighted in gray) represents the master fingers and the off-diagonal values represent the unintentional force production by the enslaved fingers. An index of enslaving, I EN (in % of the total force produce by all fingers), was computed as the average of the offdiagonal values of E multiplied by 100.
For the accurate constant force production task, we performed the following analyses: computation of the fourfinger force-sharing pattern (Li et al. 1998) ; the UCMbased analysis of variance ; analysis of motor equivalence (ME) (Mattos et al. 2011 (Mattos et al. , 2015 ; and {RC; k}-synergy analysis (Ambike et al. 2016) . Each of these strategies is described in detail below. Figure 2a depicts the F TOT time-series produced by a representative participant during this task.
Force-sharing pattern
The four-finger force-sharing pattern analysis was performed to assess the contribution of each finger to F TOT during the accurate force production task. We calculated each finger's percent contribution to F TOT for each timesample within the three steady-state time intervals, starting 500 ms prior to each inverse piano perturbation (t = − 500 ms) and ending with the initiation of the perturbation (t = 0; illustrated with the light gray areas in Fig. 2a) .
Further, the across-trial average values were computed for each hand, test session, and participant.
UCM-based analysis of variance
The inter-trial variance within the UCM (V UCM ) space and within the space orthogonal to the UCM (V ORT ) was computed according to the framework of the UCM hypothesis (Scholz and Schöner 1999) . According to this hypothesis, V UCM is the variance that does not affect the salient performance variable (F TOT in our study), whereas V ORT is the variance component that does affect it. These variance components were computed for each time-sample using the nullspace of the Jacobian matrix, J, as an approximation of the UCM. This was done in two spaces, the finger force space and the finger mode space as the elemental variables. Finger modes are hypothetical variables that can be manipulated by the neural controller one at a time (Danion et al. 2003) ; modes were computed from the finger force data using the individual E matrix (details in Latash et al. 2001; Scholz et al. 2002) . The finger modes were calculated as the product of the inverse of the enslaving matrix E by the forces recorded from each individual finger [
Further, an index of synergy was calculated: ΔV = (V UCM /3 − V ORT /1)/(V TOT /4), where V TOT is the total variance and each variance index is normalized by the dimensionality of the corresponding space (Scholz et al. 2002) . Because ΔV is not normally distributed, it was log transformed taking into account its computational boundaries using a modified Fisher z-transformation, resulting in ΔV Z = 0.5 × ln((ΔV + 4)/(1.33 − ΔV)) (Park et al. 2010) .
Values of V UCM , V ORT , and ΔV Z were averaged within each of the three steady-state time intervals (-500 to 0, vertical light gray lines in Fig. 2a) . Further, the values of these variables were computed for each IP, for each of the three sessions, and for each participant.
The accuracy of matching the target F TOT was assessed as the root mean square error (RMSE) within the same time intervals (− 500 to 0 ms) before each IP. The values of RMSE averaged across trials for each perturbation episode, hand, session, and participant were used for further statistical analysis.
Motor equivalence (ME) analysis
This analysis quantified the magnitude of motion in the finger force (or mode) space in-between time instants within a trial, separated from each other by a perturbation, within the UCM (motor equivalent, ME) and orthogonal to the UCM (non-motor equivalent, nME). For each trial, ME and nME motion was quantified between two instants of time: − 0.5 s before a perturbation and 2 s after the end of the perturbation. This was done for each of the three perturbation episodes separately. These times were selected assuming relatively steady F TOT before the perturbation and 2 s after the end of the perturbation. For each measurement, the vectors of motion in the force space (∆F) and in the mode space (∆M) were projected onto the corresponding UCM and onto its orthogonal complement. The magnitude of these projections normalized by the square root of the space dimensionality was taken as ME and nME, respectively (for details see Mattos et al. 2015) . Three values of ME and nME were obtained for each trial (one per IP). For each participant, the ME and the nME values then were averaged across trials for each session and used for further statistical analysis.
In addition, ME and nME were calculated from the instant before the first perturbation (IP1) to the instant of 2 s after the last perturbation (IP3), referred to as ME 3 − 1 and nME 3 − 1 , respectively. This was done to explore the cumulative effect of the sequence of perturbations on the indices of motor equivalence. These values were compared with the ME and nME calculated for each IP using two indices: I ME = √ MEIP1 2 + MEIP2 2 + MEIP3 2 ∕ME 3-1 and I nME = √ nMEIP1 2 + nMEIP2 2 + nMEIP3 2 ∕nME 3-1 . If ME and nME values for the consecutive IPs were independent, I ME = 1 and I nME = 1 would be expected on average. Values of I ME and I nME were computed for each trial and then averaged across trials for use in statistical analyses.
{RC; k}-synergy analysis
This analysis quantified stability of F TOT within the space of hypothetical control variables of the hand, RC (referent coordinate) and k (apparent stiffness) (Ambike et al. 2016; Reschechtko and Latash 2017) . {RC; k} pairs for the whole hand were calculated for the ascending phase of each of the three IP perturbations (i.e., IP1, IP2, and IP3). During this phase, all four fingers were lifted by 1 cm. We excluded the first 50 and last 150 ms for each of the 500 ms ascending phases. This was done to remove data that did not include reflex-mediated changes in force and to minimize chances of the hand response being affected by voluntary corrections. An example of the force-coordinate time series and the corresponding regression line and equation used for the data analysis are presented in Fig. 2b .
For each IP episode, linear regression was run between the hand force and vertical coordinate (the black line in Fig. 2b ). Only IP episodes with correlation coefficients ≥ 0.9 were accepted. Twelve of the 14 participants had at least 10 trials for each IP that met this criterion. The data from the two participants that did not achieve correlation coefficients ≥ 0.9 were excluded from this part of the analysis. For all accepted trials, the apparent stiffness (k) was estimated as the slope of the force-coordinate regression line and the referent coordinate (RC) of the hand was calculated as the X-axis intercept of the regression.
Since the UCM in the two-dimensional {RC; k} space corresponding to a fixed F TOT value was hyperbolic, we could not use variance analysis. Hence, we employed the method of surrogate data analysis (Muller and Sternad 2003) . First, the mean and standard deviation of the actual F TOT values across trials for each IP and each subject were calculated (F ACT and SD ACT ). Further, a random permutation of RC and k obtained across trials for each IP was used to generate surrogate {RC; k} pairs (RC was taken from one trial and k from another trial). During this procedure, 1000 {RC; k} pairs were formed per IP. These data were used to compute values of total force and its standard deviation (F SUR and SD SUR ). Finally, an index was calculated: R SD =SD SUR /SD ACT . R SD > 1 indicates that the actual {RC; k} pairs showed inter-trial co-variation that helped reduce inter-trial F TOT variability. Higher R SD values indicate higher stability of F TOT (Reschechtko and Latash 2017) .
Hyperbolic regressions were fitted to each participant's {RC; k} data set for each IP and the coefficient of determinations (R 2 ) was computed. For further statistical analysis, R 2 values were Fisher z-transformed.
Statistical analyses
Statistical analysis was run in the IBM SPSS statistics package (version 24). The normality of the data distribution was checked for all dependent variables with the Shapiro-Wilk test. Some variables that were not normally distributed, such as V UCM and V ORT , were log transformed to achieve a normal distribution. Repeated measures (RM) two-way analyses of variance (ANOVAs) were performed to test the effects of Day (three levels, Day-1, Day-2, and Day-3) and Hand (two levels, right and left) on MVC, I EN, I ME , and I nME . In addition, a three-way RM ANOVA was performed to test the effects of Day, Hand, and Perturbation (three levels, IP1, IP2, and IP3) on RMSE.
Additional RM ANOVAs were used to explore the effects of Day, Hand, and Perturbation on the force sharing pattern (percent contribution of each finger to F TOT ), inter-trial variance analysis (V UCM , V ORT , ∆V Z ), motor equivalence analysis (ME and nME), and {RC; k}-synergies (RC, k, R 2 and R SD ). In case of sphericity violations, Greenhouse-Geisser correction was used. Post hoc tests with Bonferroni corrections for pairwise comparisons were performed when needed. To assess reliability, intra-class correlation analyses (ICC 2,1 for MVC, I EN , V UCM , V ORT , ΔV Z , and R SD , and ICC 2,3 for RMSE, finger shares, ME, nME, RC, and k) were performed for all dependent variables across Days and Perturbations. ICC values below 0.5 were considered as reflecting poor reliability, 0.5 ≤ ICC < 0.75 was considered to represent moderate reliability, 0.75 ≤ ICC < 0.9 was viewed as reflecting good reliability, and ICC ≥ 0.9 was considered as a sign of excellent reliability (Cicchetti 1994; Koo and Li 2016) . We did not explore effects of gender because our study was not sufficiently powered for such an analysis.
To test the relations between the square root of V UCM and ME and between the square root of V ORT and nME in both force and mode spaces, we carried out Spearman's Rank Order Correlation tests. To test the relationship between ΔV Z (in force space) and R SD , Pearson Correlation Coefficient tests were performed. For all statistical analyses, α = 0.05.
Results
MVC, enslaving, and performance accuracy
There were no changes in the MVC values across the 3 testing days and no difference between the right and left hands as confirmed by the two-way ANOVA (Hand × Day). The intra-class correlation (ICC) analysis revealed that MVC had excellent reliability, with ICCs ≥ 0.9. The MVC and I EN values averaged across participants for the left and right hands on Day-1, Day-2, and Day-3, as well as their ICCs, are presented in Table 1 . There were no differences in the enslaving index, I EN , between hands and across days for both hands, although the left hand data showed a trend toward higher I EN on Day-2 and Day-3 compared to Day-1 (Day × Hand interaction: F 2,26 = 2.84; p = 0.077; η p 2 = 0.18). The I EN index showed good reliability as indicated by the ICC analyses.
The root mean square error of F TOT (RMSE) was small across hands, perturbations, and days. ANOVA showed no significant effects for these factors. The ICC analyses showed that RMSE had moderate to good reliability for the right hand and poor to moderate reliability for the left (Table 1) .
Force sharing
In general, the four-finger force-sharing pattern was stable across days and did not change within the sequence of perturbations. On average, the index, middle, ring, and little fingers of the right hand contributed 37.2% (± 1.95, SE), 31.2% (± 1.07), 19.8% (± 1.29), and 11.8% (± 1.17), respectively, of the F TOT during the accurate constant force production task. For the left hand, the corresponding values were 33.9% (± 1.29), 32.1% (± 1.07), 21.3% (± 0.92), and 12.7% (± 1.08). There were no main effects of Day or Perturbation on the finger contributions. The contribution of the index finger was slightly higher and that of the ring finger tended to be lower in the right hand when compared to the left hand (effect of Hand, index finger: F 1,13 = 7.78, p < 0.05, η p 2 = 0.37, ring finger: F 1,13 = 4.27, p = 0.06, η p 2 = 0.32). There were no interactions. In terms of reliability, the ICC analyses for each individual finger of the right hand showed excellent reliability (ICC > 0.88), whereas the reliability for the left hand was good (ICC values varied from 0.78 to 0.87; Table 2 ).
UCM-based analysis of variance
As described in Methods, analysis of inter-trial variance was run in the spaces of finger forces and finger modes. The main outcome variables reflected inter-trial variance within the UCM and orthogonal to the UCM per dimension, V UCM, and V ORT . Figure 3 shows the components of variance in both force and mode space, whereas the synergy index (ΔV Z ) values are presented in Table 3 .
There was a drop in V ORT from Day-1 to Day-2 and Day-3 confirmed by the main effect of Day in the threeway ANOVA (Day × Hand × Perturbation; F 2,26 = 4.26; p < 0.05; η p 2 = 0.25); note that V ORT values in the finger force and mode spaces are identical. No effects of Day on V UCM and ΔV Z were seen. The synergy index ΔV Z was larger for the right than the left hand in both force (F 1,13 = 14.86; p < 0.005; η p 2 = 0.53) and mode (F 1,13 = 9.28; p < 0.01; η p 2 = 0.42) spaces. This was due to the tendency of V ORT to be larger in the left hand in both force and mode spaces (F 1,13 = 4.68; p = 0.05; η p 2 = 0.27). ICC analyses revealed that the reliability of V UCM , V ORT , and ΔV Z ranged from poor to moderate for both hands, and in both force and mode spaces. The ICCs for all outcome variables are presented in Table 2 for each hand.
There were no differences in V ORT and ΔV Z across the three perturbations. In contrast, V UCM dropped from IP1 to IP2 and IP3 (effect of Perturbation, F 2,26 = 22.8; ICC intra-class correlation values and 95% confidence intervals, S in the first four rows stand for the share of individual fingers, V UCM variance within the UCM, V ORT variance orthogonal to the UCM, ΔV Z z-transformed synergy index, ME motor equivalent, nME non-motor equivalent, I ME index of motor equivalence, I nME index of non-motor equivalence, RC referent coordinate, k apparent stiffness, R SD = SD SUR /SD ACT R 2 : {RC;k}, the coefficients of determination defined by the hyperbolic regression of the {RC;k} data, IP1-IP3 three perturbations delivered by the inverse piano 
ME analysis
Effects on ME were similar to those described for V UCM , whereas effects on nME were similar to those for V ORT . These results are presented in Fig. 4 . In particular, nME showed a drop from Day-1 to Day-2 and Day-3 (effect of Day, F 1.27,16.56 = 8.32; p < 0.01; η p 2 = 0.39); note that nME values in the force and mode spaces are identical. In addition, nME was higher in the left than in the right hand in both force and mode (F 1,13 = 6.53; p < 0.05; η p 2 = 0.33) spaces.
Both ME and nME over IP1 were greater than over IP2 and IP3. These effects were confirmed by the main effects of Perturbation on ME (F 1.1,14.4 = 50.85; p < 0.001; η p 2 = 0.8 in the force space and F 1.06,13.82 = 34.98; p < 0.001; η p 2 = 0.73 in the mode space) and on nME (F 1.35,16.8 = 11.56; p < 0.001; η p 2 = 0.47). Whereas ME showed good or excellent reliability for both hands in both spaces, the reliability of nME ranged from moderate to good for the right hand and from poor to moderate for the left hand. ICC values for ME and nME for each IP are shown in Table 2 .
We also calculated indices for the cumulative effect of the three perturbations on ME and nME (I ME and I nME ). These indices are presented in Table 2 . The results showed that in both force and mode spaces, I ME was not different from 1 across the two hands and 3 days. In contrast, InME was always smaller than 1 in both force and mode spaces (p < 0.001). ANOVA revealed no difference between Fig. 4 Across-subject means and standard errors for indices of motor equivalence, ME and nME, shown separately for the left and right hands (in both force and mode spaces), 3 days (Day-1-white bars, Day-2-gray bars, and Day-3-black bars) and three perturbations (IP1, IP2, and IP3). Note the nME is the same in the force and mode space the hands for either I ME or I nME . There was a trend for I ME to increase from Day-1 to Day-2 and Day-3 in both force (F 2,26 = 3.72; p < 0.05; η p 2 = 0.22) and mode (F 2,26 = 3.66; p < 0.05; η p 2 = 0.22) spaces. Overall, these indices showed poor reliability (Table 2 ).
{RC; k}-synergy analysis
For most participants, RC and k values were aligned closely with a hyperbolic line corresponding to the prescribed F TOT value. The R 2 values for the hyperbolic regressions ranged from 0.75 to 0.99 for the right hand and from 0.87 to 0.99 for the left hand. There were no differences between the hands and across days on the z-transformed R 2 values. Figure 5 depicts scatter plots on the {RC; k} space from data of a representative participant in the IP1 for both right and left hands and for the three testing days.
There was a gradual reduction in both RC and k from IP1 to IP3 (effect of Perturbation, F 2,22 = 23.9; p < 0.001; η p 2 = 0.68 and F 1.22,13.4 = 24.4; p < 0.001; η p 2 = 0.69, respectively; see Fig. 6 ) and this reduction was steeper on Day-1 compared to Day-2 and Day-3 (Day × Perturbation interaction; F 4,44 = 6.62; p < 0.001; η p 2 = 0.38 and F 4,44 = 10.57; p < 0.001; η p 2 = 0.49, respectively). Overall, the reliability of RC and k ranged from good to excellent (Table 2) .
In addition, the strong co-variation between RC and k stabilizing F TOT was reflected in very high values of R SD (R SD ≫ 1, see Fig. 6 ). R SD was larger on Day-1 compared to Day-2 and Day-3 (effect of Day, F 1.2,13.2 = 5.73; p < 0.05; η 2 = 0.34). There were no other effects. Overall, ICCs revealed that the reliability of R SD was poor (Table 2) .
Correlations across indices
The similarity of statistical effects on V UCM vs. ME and on V ORT vs. nME was confirmed by correlation analysis showing strong associations between these pairs of outcome variables. The top panels of Fig. 7 depict the scatter plots, regression lines, and correlation coefficients for the data across subjects for each of the 3 days in the force space (Fig. 7a ) and mode space (Fig. 7b) . Overall, the correlations between √ V UCM and ME for both hands were significant and moderate in both force and mode spaces. Similarly, the results showed significant correlations between √ V ORT and nME (Fig. 7) that ranged from moderate to strong. There were no significant correlations between ΔV Z and R SD . Pearson's correlation coefficients across hands and days were within the range of − 0.15 < r 10 < 0.38.
Discussion
Overall, our hypotheses and expectations have been falsified by the results. Despite the very simple motor task indicated by the low RMSE, we observed significant changes in many of the outcome variables both within a single trial and across the three testing days. Whereas significant changes across the 3 days were seen in outcome variables reflecting accuracy of performance (such as V ORT and nME), changes during a trial were seen in outcome variables that by definition had no effect on performance (V UCM and ME) as well as in "hidden" control variables (RC and k). The former group of results is compatible with learning effects over the 3 days that occurred despite the aforementioned task simplicity. The latter group of results suggests subtle adaptive changes, which we interpret as consequences of a natural drift in control variables (cf. Latash 2016; Reschechtko et al. 2014) . Further, we invoke the idea of a tradeoff between stability and optimality (Park et al. 2010 ) to discuss these phenomena.
One of our predictions was that there would be higher reliability of indices in the space of finger modes compared to the force space (based on an earlier study, Martin et al. 2013 ). This prediction was not supported since the reliability of the outcome variables was similar in the two spaces. The magnitudes of V UCM , ∆V Z , and ME were higher in the mode space as expected, however, given the positive finger force co-variation that can be attributed to the phenomenon of enslaving (cf. Zatsiorsky et al. 2000) .
The significant changes in some of the outcome variables over the three testing days naturally compromised their reliability. We also observed relatively poor reliability in outcome variables reflecting action stability (∆V Z and R SD ), however, that showed no significant changes over the 3 days. These observations suggest that magnitudes of these variables should be interpreted with caution and potentially important findings expressed in those variables should be reproduced across studies. In the following subsections, we address important aspects of motor control such as neural control with referent coordinates, the hierarchy of the two basic commands (the r-command and c-command, Feldman 1980, 1986) , the stability-optimality trade-off, and the natural drifts in performance and "hidden" variables.
Control of hand action with referent coordinates
A physical approach to motor control has been developed for many years (reviewed in Latash 2016 Latash , 2017 . In contrast to computational approaches, the physical approach views movements as consequences of natural laws that unite salient variables with the help of parameters without computations (operations with numbers and vectors) performed by the CNS. A particularly influential theory within the physical approach has been the equilibrium-point hypothesis (Feldman 1966 (Feldman , 1986 developed into the idea of control with referent coordinates (RCs) (Feldman 2015) . RCs play the role of parameters in natural laws that link performance This framework has been combined recently with the idea of synergies stabilizing salient variables (Latash 2010a, b; Ambike et al. 2016 ). In particular, our computations of RC and k values from experimental data assumed that the force produced by an effector could be described as a linear function of the difference between the actual and referent configuration, F = k(AC − RC). When agonist and antagonist muscle groups show non-zero co-contraction, the overall effector (e.g., joint or fingertip) characteristic becomes closer to linear within the co-contraction range. This effect may be viewed as a consequence of the algebraic summation of symmetrical non-linear muscle characteristics. Close to linear joint characteristics were reported in several studies of natural human actions, but these studies did not explore muscle-level characteristics (Feldman 1980; Latash and Gottlieb 1991) . On the other hand, animal studies typically reported strongly non-linear muscle characteristics without exploring joint-level characteristics with and without cocontraction (Matthews 1959; Feldman and Orlovsky 1972) .
In isometric conditions, muscle co-contraction is a function of the c-command (one of the two basic commands within the equilibrium-point hypothesis, Feldman 1980), which reflects the spatial zone between the activation thresholds for agonist (λ ag ) and antagonist (λ ant ) muscle groups. We assumed that the linear approximation was adequate in our study for three reasons. First, modeling has demonstrated the necessity of extensor activity to ensure that fingers do not collapse during pressing (Li et al. 1999 (Li et al. , 2001 . Second, several studies provided experimental evidence for non-zero antagonist activation during steady-state isometric force Fig. 7 Scatter plots showing the relationship between √ V UCM and ME and √ V ORT and nME. These variables were averaged across the three perturbation episodes (IPs) and their relationships are shown for each day separately production (Ghez and Gordon 1987; Corcos et al. 1990 ). Third, our observations of strong linear correlations between force and coordinate during the episodes of finger perturbation with the "inverse piano" (R 2 > 0.9) supported a linear approximation.
The idea of two basic commands, r-command and c-command (Feldman 1980) , has been introduced based on the fact that every joint is spanned by at least two muscles with opposing actions. The r-command effectively shifts RC for the joint, whereas the c-command reflects common spatial activation zones of muscles with antagonistic actions leading to changes in the joint apparent stiffness (Latash and Gottlieb 1991) . During the accurate force-production task by the hand, the r-and c-commands define its referent coordinate and apparent stiffness, RC and k, an abundant set of two commands in the task characterized by a single constraint (the required force level). This abundance can be used to ensure stability of force magnitude as demonstrated in several earlier studies (Ambike et al. 2016; Reschechtko and Latash 2017) , as well as in the current study (R SD ≫ 1). Contrary to our expectations, we observed consistent shifts in RC and k over the trial duration: k dropped and RC adjusted to keep total force constant as required by the task. A similar result was reported in a recent study exploring unintentional drifts in force in the absence of visual feedback (Reschechtko and Latash 2017) . In that study, no total force drift was seen in control conditions with visual feedback, whereas both k and RC drifted similar to our current observations.
A novel finding in our study is the higher ICC values for RC as compared to ICC computed for k. This result suggests that the two control variables may not be equivalent: RC changes based on certain factors (these may include a shift toward higher optimality and lower stability, as discussed in the next section) and k adjusts accordingly. This interpretation is consistent with Feldman's interpretation (Feldman 2015) of the well-known phenomenon of a drop in muscle co-contraction after a quick movement (e.g., Gottlieb et al. 1989) , which is not accompanied by a drift in the final joint position.
Stability and optimality of action
The problem of motor redundancy (Bernstein 1967) has been one of the central issues in motor control. Two approaches have dominated the field (reviewed in Latash and Zatsiorsky 2016) . One of them follows directly the original Bernstein's formulation that the main problem is in the elimination of redundant degrees-of-freedom (DOFs). It assumes that the CNS selects a unique solution for a given motor task by optimizing a cost function (reviewed in Seif-Naraghi and Winters 1990; Prilutsky and Zatsiorsky 2002) . The alternative view assumes that no DOFs are ever eliminated, but they are all used to facilitate families of solutions stabilizing action with respect to salient performance variables (the principle of abundance, Gelfand and Latash 1998; Latash 2012) . The two approaches seemed incompatible (a single solution vs. a family of solutions). It has been suggested recently, however, that the inherent conflict between stability and optimality can be resolved differently depending on the task (Park et al. 2010) . Optimization may be used to define a preferred set of coordinates in the space of elemental variables, whereas inter-trial distributions of these variables about the preferred coordinates may be defined by ensuring task-specific stability.
For example, accurate four-finger force production is a typical example of a task performed in conditions of abundance (redundancy). This task may be characterized by a preferred sharing pattern of total force among the four fingers seen in averaged across-trial data (Li et al. 1998 ) and also by the structure of inter-trial variance Scholz et al. 2002) . The former characteristic may be viewed as defined by an optimization principle, whereas the second one reflects stability of a salient performance variable. Note that the explicit task formulation and feedback may not define unambiguously what variable would be stabilized. These previous studies showed preferred stabilization of the total moment of force produced by the fingers, not total force, although the task emphasized accurate total force production and the visual feedback was organized accordingly Scholz et al. 2002) .
We analyzed stability of total force production using two levels of analysis, three spaces of elemental variables, and three sets of indices. The two levels of analysis considered total hand force as either the sum of forces produced by the four parallel effectors (fingers) or as an output of a single effector controlled by two variables, RC and k. In addition to these two spaces of elemental variables, we also analyzed stability of the four-finger action in the space of finger modes defined as hypothetical control variables that can be manipulated by the CNS one at a time Danion et al. 2003) . In addition to the {RC; k} set, we used two sets of indices at the four-finger level of analysis, structure of inter-trial variance (V UCM , V ORT , and ∆V) and motor equivalence (ME and nME).
Whereas these indices may be viewed as providing redundant information because they reflect stability of the same single performance variable, total force, our results show that at least some of the outcome variables may be viewed as complementary rather than redundant. In particular, we observed no significant correlations between the index of synergy at the {RC; k} level (R SD ) and the index computed based on inter-trial analysis of the structure of variance (∆V Z ). This was unexpected given that a recent study reported significant correlations between these two indices (Reschechtko and Latash 2017) . The difference between the studies could be in the range of values for the two indices. In the earlier study, the range was very large reflecting loss of force stability without visual feedback (see also Parsa et al. 2016) , whereas in our current study total force always was stabilized strongly and, as a result, the range of both R SD and ∆V Z was small. Note also that the outcome variables from the analysis of variance (V UCM and V ORT ) and motor equivalence (ME and nME) are expected to correlate based on statistical considerations ; however, their behavior may be statistically different with changes in external conditions (Mattos et al. 2011) , possibly reflecting subtle deviations of the data from a normal distribution. Taken together, the results suggest that the explored sets of outcome variables may or may not provide useful complementary information depending on the range of stability variations in the study and the range of changes in external conditions.
Our observations suggest that subjects start with relatively high stability of total force (high V UCM and ∆V Z values), and then, given the predictable task and relatively minor perturbations, converge on more stereotypical solutions (similar results were reported by Reschechtko and Latash 2017) . In other words, by the end of the trial, subjects became more optimal in terms of higher consistency of their sharing patterns. Note that high V UCM violates optimality in the finger force space because it means larger deviations from any particular sharing pattern (assuming that such an optimal sharing patterns exists; cf. Prilutsky and Zatsiorsky 2002) . We purposefully limit our analysis here to optimality with respect to a cost function reflecting measured performance variables such as finger forces; in a more general case, optimality based on intrinsic physiological variables may not be reflected in consistent sharing patterns. Since large V UCM values signify high stability, a drop in V UCM suggests convergence on a specific (optimal) pattern of finger force sharing at the expense of stability of the multi-finger action. These results are unexpected given the relatively short trials and very simple task.
Another index of force stability, R SD , which is based on the idea of control with referent coordinates, dropped significantly over the three testing sessions. This result confirms the convergence of solutions in a different abundant space, {RC; k}. In conjunction with the results above, it also illustrates the trend towards more optimal but less stable solutions seen at a different level of analysis that views the hand as a single effector, in contrast to the V UCM and ∆V indices that were computed for the hand as a combination of four effectors (fingers).
In contrast to the current observations, practicing in conditions that challenge stability leads to higher V UCM , which is observed in parallel to a drop in V ORT (Wu et al. 2012; Wu and Latash 2014) . These results carry a potentially important message for motor rehabilitation. Depending on the patient's state and goals, different training routines may be recommended such that more stereotypical tasks would be advised if optimality of action is a major goal and variable tasks challenging stability would be favored if stability of action needs to be improved.
We would like to comment on the observed trend toward higher enslaving (I EN ) over the three testing days, which was stronger in the left hand (Table 1) . This trend is similar to findings of higher enslaving following different practice routines (Kang et al. 2004; Olafsdottir et al. 2008; Wu et al. 2012 Wu et al. , 2013 and even within a single trial (Reschechtko et al. 2014) . Enslaving may be viewed as both a negative characteristic (low finger independence) and as a positive characteristic potentially contributing to stabilization of the rotational hand action (Zatsiorsky et al. 2000) . Such quick changes in enslaving are a strong argument for its neural origin (cf. Schieber and Santello 2004) . These quick changes suggest caution is using enslaving matrices obtained at the beginning of an experimental session for analysis of data recorded later in the session.
Lessons for applied studies
A number of studies have documented consistent changes in indices of performance-stabilizing synergies across various conditions with impaired motor function, from normal fatigue (Singh et al. 2010 ) and healthy aging (Shim et al. 2004) to peripheral disorders such as osteoarthritis (Tokuda et al. 2018; Tawy et al. 2018) , and to neurological disorders such as Parkinson's disease, multi-system brain atrophy, and multiple sclerosis (reviewed in Latash and Huang 2015) . In contrast, studies of stroke survivors produced ambiguous results. Some studies reported no difference in the UCMbased indices of synergies between the ipsilesional and contralesional limbs and between the patients and age-matched controls (Reisman and Scholz 2003; Jo et al. 2016) . Other studies, however, reported weaker performance-stabilizing synergies in patients after cortical stroke (Gera et al. 2016a, b; Kang and Cauraugh 2017) . A recent study ) has shown similar effects of Parkinson's disease and dopamine-replacement drugs on indices as inter-trial variance (V UCM and V ORT ) and motor equivalence (ME and nME). This is a predicted result for a set of observations with a perfectly normal distribution: sampling at random data points, and computing variance and distance between pairs of points are expected to lead to correlated outcomes (see properties of folded distributions, Leone et al. 1961) . Our study confirms this prediction by showing significant correlations between V UCM and ME and between V ORT and nME (Fig. 7) .
Are there better (more reliable) and worse (less reliable) outcome variables? Table 3 suggests that indices of ME show, on average, better reliability compared to indices of inter-trial variance. Given the correlation between the sets of outcome variables, ME indices have an advantage and may be recommended for applied studies of synergic control. With respect to analysis of synergies in the space of hypothetical control variables, both RC and k showed very good reliability. The recently suggested metric R SD (Reschechtko and Latash 2017) , however, shows poor reliability, and as of now, cannot be recommended for applied studies.
Our analysis of the indices of total force stability in the spaces of finger forces and finger modes has not shown an advantage of one method over the other. Whereas an earlier paper presented data in favor of analysis in the space of finger modes (Martin et al. 2013) , our current analysis does not confirm those conclusions. Analysis in the space of modes has been a preferred method because the CNS can change finger modes one at a time, at least theoretically, whereas finger forces are coupled via the phenomenon of enslaving (Kilbreath and Gandevia 1994; Zatsiorsky et al. 2000; Schieber and Santello 2004) . On the other hand, enslaving characteristics show changes over short intervals of practice and even over a trial duration (Kang et al. 2004; Olafsdottir et al. 2008; Wu et al. 2012 Wu et al. , 2013 Reschechtko et al. 2014 ). These findings potentially require performing analysis of enslaving repetitively over the course of a testing session, which may be cumbersome for clinical studies. In addition, analysis in the mode space has been possible only in tasks with unidirectional force production (such as pressing) in isometric conditions. Changing finger configuration may lead to changes in properties of enslaving. For example, if more natural tasks are considered, each digit produces six components of the force/moment vector, and characterizing enslaving across all the components may be prohibitively complex and time-consuming. So far, only one study characterized enslaving across the three components of the force vector (Kapur et al. 2010) ; no studies quantified enslaving across the force/moment components comprehensively.
Concluding comments
Our original goal was relatively modest: To quantify reliability of outcome variables across methods and spaces of analysis of the multi-finger hand action. This goal has been accomplished with some recommendations for specific methods and outcome measures. In addition, however, we observed unexpected adaptive changes in several characteristics of the hand action over the three testing sessions and even over the three small perturbation episodes within each trial. These adaptive changes suggest, in particular, that in predictable conditions of laboratory testing, subjects start each trial with relatively high stability indices. Over the trial duration, these indices drop, converging on a smaller set of solutions, possibly defined by an optimality principle. Other indices of stability showed significant trends over days: subjects showed a tendency to converge on less variable sets to solve the very simple task.
Our study has several drawbacks that may be fixed in follow-up studies. One of them is the limited number of testing sessions (only three) and individual trial duration. Both were defined based on pragmatic reasons such as avoiding fatigue and subject attrition. Nevertheless, it is possible that analysis over longer trials and more sessions could reveal new important properties of the outcome variables.
Two subjects were not able to follow the instructions of not reacting to the perturbation. This could be a problem in clinical studies, in which patients may have difficulty in understanding and following this seemingly simple but unusual instruction. Our conclusions may be seen as limited to the specific set of effectors (fingers) and task. Future studies are needed to determine whether similar conclusions would be reached during analysis of kinematic variables (such as joint configurations), and muscle activations in reaching and whole-body tasks.
